Introduction
The development of solid-state lighting based on the widely distributed organic light-emitting diodes (OLEDs) has had a massive impact on technology, especially for screens and displays. 1, 2, 3 Light-emitting electrochemical cells (LECs) are less well established, but are emerging devices which, like OLEDs, are based on the principle of electroluminescence. Compared to OLEDs, LECs are simpler in setup, more straight-forward in their processing and therefore also cheaper in production. 4 Whereas polymer-based or purely organic emitting materials are known for both LECs and OLEDs, the employment of transition metal complexes has certain advantages. Depending on the combination of different ligands and their substitution with functional groups, the properties of these metal complexes can be tuned in terms of emission colour, quantum yield and excited state lifetime. 5 , 6 For example, for [Ir(ppy)2(bpy)] + (Hppy = 2-phenylpyridine, bpy = 2,2'-bipyridine) type complexes, different emission colours, photoluminescence quantum yields (PLQY) and device performances have been obtained upon modification of the cyclometallating Hppy or the ancillary bpy ligands. 5, 6 Whereas iridium-based emitters can be extremely efficient, 7, 8, 9 their replacement by copper-based compounds has the advantage of higher abundance and therefore lower marked price of copper compared to iridium, which also translates to the costs of the devices. 10 Furthermore, many copper complexes are proven to exhibit thermally activated delayed fluorescence (TADF), a mechanism which allows the thermal population of the energetically higher singlet excited state from the triplet excited state. As a consequence, emission processes from all excited states are possible and in theory allow for quantum yields up to 100% to be reached. 11 ,12 ,13 ,14 We have previously shown for [Cu(P^P)(bpy)][PF6] complexes (where P^P = bis(2-diphenylphosphinophenyl)ether (POP) or 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (xantphos)), that the PLQY of the complex and the efficiency and lifetime in LEC devices are increased upon addition of methyl or ethyl groups in one or both 6-positions of the bpy ligand.
remote fluoro groups in [Cu(POP)(N^N)][PF6] and [Cu(xantphos)(N^N)][PF6]
, where N^N = 4,4'-bis(4-fluorophenyl)-6,6'-dimethyl-2,2'-bipyridine, leads to an enhancement of solid state and solution photophysical properties and is also beneficial to LEC performance. 18 This finding prompted us to investigate the potential positive effects that the introduction of CF3 substituents may also have. Substitution with one or more trifluoromethyl groups is a common motif in coordination chemistry, especially for N,N'-chelating ligands incorporating pyrrole, pyrazole, triazole and tetrazole rings, as discussed for pyridyl azolates by Y. Chi et al. 19 Modification with CF3 groups is often employed in luminescent materials containing Cu(I), Ir(III) and Pt(II) to Ru(II) and Os(II) complexes. However, CF3-modified 2,2'-bipyridines are rarely mentioned in the literature, and copper complexes coordinated by a CF3-substituted bpy are even more scarce. 20 The molar volume of a CF3 group is significantly larger than for a methyl group and the steric effect is often comparable to that of an isopropyl group. 21 Furthermore, the electronic properties of methyl and CF3 differ in that the former acts as a weak σ-donor whereas the latter has electron-withdrawing properties and therefore a more positive σ-Hammett parameter σp than alkyl groups. 16 and are interpreted with the help of density functional calculations. Those complexes with more promising photophysical properties are tested in LEC devices.
Results and Discussion

Synthesis, stability and characterization of [Cu(P^P)(N^N][PF 6 ] complexes
The [Cu(P^P) Figure S1 -S3 for NMR spectra). 16 and are included here for comparative purposes. (light blue) and the major conformation of [Cu(xantphos)(6-CF3bpy)] + (purple) with ellipsoids plotted at 50% probability level. Only the ipso-C atoms of the PPh2 phenyl rings are shown and H atoms are omitted, with exception of the methyl group at the bipyridine to allow for a better comparison with the CF3 group. The Cu atoms, pairs of corresponding N atoms and corresponding P atoms were overlaid. + cation, the 6-CF3bipy ligand is disordered over two orientations with occupancies of 0.75 (CF3 group facing towards the xanthene "bowl") and 0.25 (CF3 away from the xanthene "bowl"), respectively. The major conformation is identical to the one reported for the [Cu(xantphos)(6-Mebpy)] + cation. 16 In Table 1 , the dihedral angle between the planes through N-Cu-N and P-Cu-P illustrates the distortion from the orthogonal coordination of the two ligands. Whereas . All complexes show a second oxidation peak at around +1.2 V which corresponds to an oxidation of the phosphane ligand ( Figure S10 ). The second reduction peak at around +0.1 V is connected to this overoxidation; it is not visible when the scan is recorded only up to +1.0 V and only the first oxidation is accessed. The complexes with CF3-modified bpy ligands show reduction processes in addition to the typical oxidation process, which is in contrast to similar complexes with unsubstituted or alkyl-substituted bpy ligands. For the complexes with two CF3 groups at the bipyridine, this reduction is located around -1.6 V, whereas for the complexes with monosubstituted 6-CF3bpy this value is cathodically shifted being around -1.9 V. 
Structural characterization
Ground state theoretical calculations
The geometry of all the [Cu(N^N)(P^P)] + cations in their ground electronic state S0 was optimized at the DFT B3LYP/(6-31**G+LANL2DZ) level without imposing any symmetry restriction. Table S1 in the Supporting Information summarizes the values calculated for selected structural parameters. Calculations satisfactorily reproduce the distorted-tetrahedral configuration defined by the P^P and N^N ligands around the metal centre. The Cu−P bond lengths range from 2.368 to 2.433 Å, and the Cu−N bond lengths are between 2.152 and 2.276 Å, slightly overestimating (~0.1 Å) the reported X-ray values ( Table  1 ). The N−Cu−N and P−Cu−P chelating angles present values between 75.38 and 77.26º and between 113.71 and 116.89º, respectively, and slightly underestimate the X-ray values. The angle between the planes through N-Cu-N and P-Cu-P illustrating the distortion from the orthogonal coordination of the two ligands is in a range between 85 and 90º, which is slightly narrower than that observed experimentally. It should be stressed that the theoretical geometries correspond to minimumenergy structures optimized in solution and do not take into account the packing forces acting in the solid state. These forces tend to reduce the coordination distances and to increase the chelating angles. Bookmark not defined. the HOMO appears mainly centred on the metal with a small contribution from the phosphorus atoms, whereas the LUMO spreads over the bpy ligand. The energy of the HOMO slightly changes along both series being between -6.03 and -6.19 eV. This small change is an expected result, because the HOMO is centred on a region of the complex that remains structurally unchanged along the series, and is consistent with the small variation observed in the oxidation potentials of the substituted complexes (0.85-0.96 V). The attachment of CF3 groups in 4,4'-and 5,5'-positions of the bpy causes a small stabilization of the HOMO (~0.1 eV) in good agreement with the higher oxidation potentials measured experimentally for these complexes ( Table 2 ). Substitution of POP by xantphos also leads to a small stabilization of the HOMO (~0.05 eV) in accord with the slightly more positive oxidation potentials recorded for the xantphos derivatives. As shown in Figure 2 , the energy of the LUMO features larger changes because the attachment of electronwithdrawing CF3 groups to the bpy ligand, where the LUMO is located, provokes the stabilization of this orbital. The addition of a single CF3 group stabilizes the LUMO by around 0.2 eV, whereas the introduction of a second group causes an additional stabilization of 0. and Me groups are added, the effects sum up and the LUMO appears 0.12 eV higher in energy than that of [Cu(xantphos)(4,4'-(CF3)2bpy)] + . The trends predicted for the energy of the LUMO perfectly explain the reduction potentials discussed above for complexes including CF3 groups (Table 2 ). In summary, complexes incorporating the 6-CF3bpy ligand present a more negative potential than complexes bearing two CF3 groups, and, within the latter, complexes substituted in 4,4'-positions show less negative potentials (by 0.07 V) than complexes substituted in 5,5'-positions due to the LUMO stabilization (0.07 eV) in passing from 4,4'-to 5,5'-substituted derivatives. Figure  2 ). These trends correctly reproduce the relative order of the electrochemical gaps inferred from redox potentials ( Table 1) . The HOMO−LUMO gap can be used, in a first approach, to predict the relative energy of the lowestenergy singlet (S1) and triplet (T1) electronic excited states, usually described by the HOMO→LUMO excitation in this type of complexes. On this basis, unsubstituted and Mesubstituted complexes will be the ones featuring S1 and T1 at higher energies and bluer absorption/emission wavelengths. These wavelengths will shift to the red as CF3 groups are added, the maximum shift being expected for complexes bearing the 5,5'-(CF3)2bpy ligand which show the lowest HOMO−LUMO gap. However, it has to be considered that, although this energy ordering may be correct at the ground state optimum geometries (FranckCondon region), geometry relaxation of the excited state cannot be ignored when dealing with emission processes as discussed below.
Photophysical properties and excited states
The UV-Vis absorption spectra of CH2Cl2 solutions of the Table 3 and Figure S11 ). For a given bpy, the MLCT absorption bands of the respective complexes with POP and xantphos are very similar in both the value of λmax and the shape of the band. This suggests that the energy difference between the HOMO and the LUMO is mainly determined by the N,N'-chelating ligand in accord with the DFT results discussed above. Since the HOMO is fully located on the {Cu(P^P)} domain and is similar for all the complexes, we can directly observe the effect of the substitution pattern in the bpy ligand on the . For the full spectrum see Figure S10 , and for a comparison of the maxima, see Table S2 .
To gain a deeper insight into the nature of the electronic excited states giving rise to the absorption spectra, singlet (Sn) and triplet (Tn) excited states were calculated for all the complexes using the time dependent DFT (TD-DFT) approach. Table 4 summarizes the vertical excitation energies computed for the lowest-energy singlet (S1) and triplet (T1) states at the optimized geometry of S0. For all the complexes, both S1 and T1 result from the HOMO→LUMO monoexcitation with a contribution always exceeding 90%. This supports the MLCT [b] (very weak) -/--/-632
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[a] Solution concentration = 2.5 × 10 -5 mol dm -3 . [b] Solution concentration = 5.0 × 10 -5 mol dm -3 .
[c] λexc = 365 nm.
[d] λxc = 405 nm. Deaeration was by flow of argon. character of the S1 and T1 states since the HOMO→LUMO excitation implies an electron transfer from the {Cu(P^P)} environment to the bpy ligand (see Figure 2) . The oscillator strength (f) calculated for the electronic transition to the S1 state lies between 0.06 and 0.13 (Table 4) , the next singlet excited state with f values higher than 0.01 being around 0.9 eV above S1. Excited states with high oscillator strengths (~0.40), centred on the ligands, are found around 285 nm (~4.35 eV) in good agreement with the intense bands observed in this region in the absorption spectrum. These results identify the S1 state as responsible of the low-energy absorption band observed in the spectra in the 350-500 nm region (Figures 3 and S11) . The vertical excitation energies calculated for S1 (Table 4 ) are in good agreement with the absorption maxima correctly reproducing the experimental trends (Table 3) . Complexes with Me substituents feature S1 energies blue shifted with respect to the reference complexes, whereas S1 states of complexes with one or two CF3 groups appears gradually shifted to the red. to the presence of methyl groups. The energy ordering of the S1 states also agrees with that expected from the MO analysis and the electrochemical gaps, and corroborates that light absorption, which takes place around the ground state optimal geometry, can be explained based on electronic factors without considering the flattening effects that the HOMO→LUMO excitation has on the molecular geometry of the excited states as explained below. The T1 states are computed 0.16-0.20 eV below S1 (Table 4) and the vertical excitation energies to T1 follow the same trends discussed above for S1. Table 3 . Due to their poor emissive behaviour, the spectra of the complexes with 4,4'-(CF3)2bpy are not included in Figure 3 . The complexes with 5,5'-(CF3)2bpy were non-emissive in solution. With emission maxima between 605 and 705 nm, the complexes are yellow to red emitters in solution. The bands are structured with two maxima, and as in the absorption spectra, the emission bands are only slightly affected by a change from POP to xantphos for a given N^N ligand. In contrast to the absorption spectra where a redshift was observed, the emission of complexes with 6-CF3bpy remains almost unchanged with respect to the unsubstituted complexes and that of complex with 6,6'-Me2-4,4'-(CF3)2bpy is slightly blueshifted. The largest blueshift is recorded for the complexes with 6-Mebpy and 6,6'-Me2bpy. Table 3 .
The solid-state (powder) emission spectra for all complexes are shown in Figure 5 complexes. For λexc see Table 3 . Table 3 ). Overall, the photophysical properties of both POP and xantphos complexes with 5,5'-(CF3)2bpy are impaired with respect to their respective reference complexes with naked bpy, and we have to conclude that a modification with CF3 groups in this position is not beneficial for emissive applications. With PLQY = 0.9%, the weak red emission of solid [Cu(xantphos)(4,4'-(CF3)2bpy)][PF6] is just visible by eye ( Figure 6 ). However, even for a red emitter this value is too low to qualify this complex as luminophore, and as a result the 4,4'-substitution of the bpy ligand with CF3 groups appears detrimental. In contrast, [Cu(POP) (6- (PLQY = 50.3%). Due to this high quantum yield, the emission in the photograph in Figure 6 appears to be almost white, whereas according to the CIE coordinates (0.449, 0.532, see also Figure S12 ), the colour of the emitted light is between the green and the yellow region. For all the complexes, the emission maxima are blueshifted on going from solution to solid state, which has been observed in earlier studies of similar compounds. 16 In general, the In order to probe the emission processes further, low temperature lifetime and emission spectra of the complexes were recorded. Solutions of the compounds in Me-THF form a glass at 77 K and this approximates to the situation in the solid state. The emission spectra of the complexes with xantphos (with the exception of [Cu(xantphos)(5,5'-(CF3)2bpy)][PF6], see above) are illustrated in Figure 7 and the maxima and lifetime values are summarized in Table 3 and compared to the room temperature values of the powder (Table S4 ). The excited state lifetimes are found to be lengthened for all the complexes, which indicates that they are, as confirmed for similar compounds, TADF emitters. 11, 32 , 33 TADF describes the emission from the singlet excited state S1 which has been (re)populated from the long-lived triplet excited state T1 by making use of the available thermal energy kBT. This process is favourable for the application of a molecule as an emitter for two reasons. First, the repopulation of the singlet excited state allows the harvesting of, in theory, 100% of all photons, which equals a PLQY of 100%, respectively all excitons when the situation in the electroluminescent device is considered. Second, TADF processes lead to a shortening of the excited state lifetime. Phosphorescence from T1 can be a very slow process in comparison to fluorescence from S1 and is therefore not ideal when it comes to the application of the molecule in light-emitting devices.
At 77 K, TADF is reduced or even completely impeded, depending on the energy gap between T1 and S1. As a consequence, the contribution of the slower phosphorescence to the emission is increased, which can be directly evidenced by the significant elogation of the lifetime. This is up to 88 µs for [Cu(xantphos)(6,6'-Me2bpy)][PF6], which is an almost eight-fold increase with respect to powder at room temperature (11.4 µs). For [Cu(xantphos)(6,6'-Me2-4,4'-(CF3)2bpy)][PF6], which has a powder lifetime (12.0 µs) similar to [Cu(xantphos)(6,6'-Me2bpy)][PF6], the lifetime at 77 K is only less than four-fold increased to 42 µs (Table S4 ). This could be either due to a shorter phosphorescence lifetime or a smaller energy gap between the triplet and singlet excited states. This energy gap can also be inferred by comparing the powder emission maxima at room temperature and the emission in the frozen Me-THF glass at 77 K. As with lower temperature the proportion of triplet emission increases, the emission maxima should normally be moved to longer wavelengths. This is the case for all the complexes reported here, except for [Cu(xantphos) ( To understand the emission processes more thoroughly, the effects of geometry relaxation on the lowest-energy S1 and T1 states were investigated theoretically. The geometries of the T1 states were first optimized at the spinunrestricted UB3LYP level and they feature relevant differences with respect to those calculated for the ground state S0. As explained above, T1 originates in the HOMO→LUMO excitation and implies a charge transfer from a d orbital of the Cu atom to a molecular orbital centred on the bpy moiety of the complexes. The metal centre is hence partially oxidized and tends to adopt a squared-planar coordination sphere, typical of four-fold coordinated d 9 copper complexes, instead of the tetrahedral coordination preferred by d 10 copper complexes. This tendency is clearly illustrated by the angle formed by the NCu-N and P-Cu-P planes that changes from values close to 90º in S0, typical of a tetrahedral coordination in which both ligands are orthogonal, to values as low as 58º in T1 (Table S1 ). The presence of substituents in 6,6'-positions hinders the bending of the bpy moiety and limits the flattening distortion of the tetrahedron in T1. Thus, complexes with one of those positions substituted by a Me or a CF3 present an angle between the planes through NCu-N and P-Cu-P between 70.3 and 71.4º, which is significantly larger than for complexes with no substituent in the 6,6'-positions (~50º). (Table S1 ). The flattening of the complex structure is accompanied by a large stabilization of the T1 state that, for complexes with no substituent in 6,6'-positions of the bpy, amounts to 0.8-0.9 eV with respect to the energies at the equilibrium geometry of S0. This relaxation energy decreases to ~0. to the hindering effect of the Me groups that limits the geometrical relaxation. Therefore, the energy position of the T1 state relative to S0 not only depends on the electron-donating or electron-withdrawing character of the substituent groups but also on the positions on the ligands where they are introduced due to the purely structural effects they induce. This justifies the fact that the emission maxima recorded for the family of complexes studied does not follow the trends observed for absorption (see above), and also explains that the TD-DFT energies computed for T1 (Table 4) do not reproduce the experimental trends observed in the emission spectra because they are based only on electronic considerations (they are calculated at the geometry of S0) with no geometry relaxation. When the emission energies from T1 are determined as the vertical energy difference between the T1 and S0 states at the T1 relaxed geometry, they fully support the experimental trends observed at 77 K where TADF is suppressed and emission mainly results from phosphorescence from T1.
[ (Table 3 ) because they are calculated at the fully relaxed geometry of T1 whereas this relaxation is expected to be severely restricted in the glass at 77 K. As a conclusion, the emission energies of [Cu(P^P)(bpy)] + complexes with substituents at 6,6'-positions of the bpy do not correspond to those expected from electronic considerations (MO analysis or electrochemical and optical absorption gaps) because 6,6'-substitution hinders the tetrahedron flattening associated to T1 relaxation and limits its stabilization. The T1 state therefore stays at higher energies than in complexes with no substituent at 6,6'-positions, thus leading to a bluer emission than expected.
Finally, the S1 and T1 states were fully optimized using the TD-DFT approach to evaluate the adiabatic energy difference (ΔE(S1 -T1)) between these states at their respective minimum-energy geometries. It should be mentioned that the complexes in the S1 state undergo flattening distortions of the tetrahedral structure similar to those discussed above for T1 because both states originate in the HOMO→LUMO excitation. Table 3 ). The LECs were fabricated in a double layer architecture, by depositing a poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) layer and the emissive layer sandwiched between indium tin oxide (ITO) and aluminium electrodes. The active layer contained the copper(I) complex mixed with the ionic liquid (IL) 1-ethyl-3-methylimidazolium hexafluoridophosphate [Emim] [PF6] at a 4:1 (Cu complex:IL) molar ratio. The IL was added to shorten the turn-on time of the LEC by increasing the concentration of ionic species and thereby the ionic mobility in the light-emitting layer. 35, 36 To enhance the device response and lifetime, LECs were operated using a block-wave pulsed current of 100 A m -2 (1 kHz and 50% duty). The LEC characteristics are summarized in Table 5 and the luminance and average voltage versus time plots are depicted in Figure 8 and S13, respectively. All three LECs have orange electroluminescence ( Figure  S14 ) with maximum emission in the 589-595 nm range and a shoulder around 650 nm similar to that observed for the spectra in solution (Figure 4) . The emission maxima are slightly blue-shifted with respect to the photoluminescence spectra recorded for the active thin film (Cu complex:IL at a 4:1 molar ratio) with maxima in the 596-606 nm range ( Figure S15 ). It should be noted that the PLQY significantly decreases in passing from powder to the active thin film composition for both [Cu(POP)(6-CF3bpy)][PF6] (PLQY = 4%), [Cu(xantphos)(6-CF3bpy)][PF6] (5%) and especially for [Cu(xantphos)(6,6'-Me2-4,4'-(CF3)2bpy)][PF6] (16%). This decrease in PLQY has been observed for Cu-based emitters and is related to the different environment surrounding the complex. 16, 18 In thin amorphous films, the structural rearrangement of the complex upon excitation is less hindered than in powder which leads to poorer emissive properties. Once biased, the electrical resistance of the device is reduced due to the presence of ions in agreement with the operational mechanism established for LECs. 37 Hence, the luminance is initially low and rises up gradually (Figure 8 ).
The time needed to achieve the maximum luminance (ton) is an indicator of the device response, and the operational lifetime (t1/2) is usually defined as the time to reach one-half of the maximum luminance. (Table 5) . These values indicate a clear link between the ton and t1/2; the faster the ton the shorter is t1/2. On the one hand, the LEC with [Cu(xantphos)(6-CF3bpy)][PF6] (with shorter ton and t1/2) rapidly reaches its minimum voltage (~4.8 V) which then increases over time (see Figure S13 ). This voltage profile is indicative of a fast ionic mobility at the beginning of operation. However, over time, charge transport is hindered as evidenced by an increasing resistance during operation. (Table 5 ). The smaller difference found between the theoretical and the experimental value for the LEC with [Cu(xantphos)(6-CF3bpy)][PF6] indicates a lower exciton-quenching, which is probably related with a better balance between electrons and holes in the device. 38 With this in mind, together, the incorporating CF3 groups performed less well; CF3 substituents are detrimental to both the luminance and the efficiency of the LEC.
